The well-known porcine arteriovenous malformation (AVM) model introduced by Massoud et al has been widely used as an acutephase modeL However, there are no data available on the patency rate in long-term follow-up. Therefore this study is dedicated to the natural history of porcine AVM model after creation.
Introduction
Different experimental arteriovenous malformation (AVM) models have been developed to simulate a human brain AVM in order to investigate pathophysiology, test new embolic material or train neurointerventional staff. These models include tube models 1-4, computer modelS and animal models 6-8. However, none of those models possesses a real AVM nidus. Therefore, they are not really comparable to a human brain AVM. To closely resemble a human brain AVM, Massoud et A19 recently established a porcine A VM model in swine. Previous models of AVM creation in the swine have used balloon occlusion of collateral vessels, and have primarily used side-to-side anastomosis for the arterial-venous anastomosis between common carotid artery (CCA) and external jugular vein (EJV). This model has gained widespread acceptance as an animal brain AVM model due to its possession of the rete mirabile (RM) as a nidus and its high similarity to a human AVM 3, 10, 11, 12 , for discllssion see 13. However, these authors have either failed to report chronic data or have demonstrated poor chronic patency rates of the AVM-model in swine 14,15. Due to its high incidence of spontaneous thrombosis, this model is widely used as an acute model to test different embolic materials between CCA and EJV, and that our preliminary results showed 1. that a terminal anastomosis between CCA and EJV will lead to good long term patency of the AVM and 2. that the modified model could be used as a chronic model to test neurointerventional devices for treatment of AVMs.
Material and Methods
All animal experimentation and handling were conducted in accordance with the national laws for animal protection, and have been approved by the Review Board for Care of Animal Subjects of the local government. Three female Yucatan micro pigs (Suis srofa) were used in this study. The animals were 12 to 14 months old, weighed 14 to 20 kg and were maintained on a standard laboratory diet at the animal center of our university hospital. After an overnight fast, each animal was premedicated with 0.2 mg/kg KG Flunitrazepam i.m. and 7 mg/kg KG Ketamine i.m. After application of 2 mg/kg KG Propofol i.v. the animals were endotracheally intubated followed by continous mechanical ventilation. The swine was positioned supine with an hyperextension of the head. A perioperative bolus of antibiotic prophylaxis (Penicillin G 1.0 x 106 U) was administered i.v.
The arterial puncture was conducted in a direct surgical approach. A 2 cm transversal incision was made in the right groin, centered 1cm caudal to the last mammilla. A six french introducing sheath was placed following the standard Seldinger technique. Via this transfemoral route, a selective common carotid arteriogram (GE 9000, General Electrics) was performed using a five french vertebral catheter (Terumo, Tokyo, Japan). Six ml contrast agent was injected to outline the normal arterial and venous anatomy of the carotid artery (the latter on delayed imaging).
The left side of the neck was shaved and scrubbed with Betadine solution and then draped in a sterile fashion. A 10 cm long neck skin incision was made parallel to the sternocleidomastoid muscle. Seretaining retractors were used to facilitate the exposure. Reflecting the sternocleidomastoid muscle, the EJV and the CCA, free of tributaries, were respectively dissected, isolated, and cleaned of adventitia. To maximize postoperative blood channeling from the rete to the fistula, direct surgicalliga-tion of the left external carotid artery (ECA) was performed before fistula creation in all animals. First, the CCA was carefully separated from below to above. The hypoglossal nerve and the os hyoideum were the most important landmarks to find the CCA/ECA bifurcation and the pharyngo-occipital trunk (POT). The next step was the temporary occlusion of the ECA with a aneurysm clip distal to the origin of the POT. To gain more space for clip positioning, it was necessary to cut the tendinous part of the omohyoid muscle near the os hyoideum. DSA was made to control the occlusion of the ECA. The ECA was then ligated with 3-0 suture and the clip was finally removed.
An end-to-end anastomosis between the CCA and the EJV was created in all animals. 3000 U heparin were administered i.a. and local application of papaverine hydrochloride (50 mg in 10 ml saline) was performed prior to manipulation to avoid or relieve vasospasm caused by handling of the artery and vein. To achieve temporary occlusion during microsurgical fistula creation, we placed four aneurysm clips proximally and distally at the isolated segments of both CCA and EJY. For end-to-end anastomosis, the cuts were made in the proximal part of the CCA and in the distal part of EJY. As the diameter of the EJV was larger than that of the CCA, a small V-shaped wedge of the CCA and an oblique surface of the EJV were resected to produce a wide aperture and thus resulted in a broader anastomosis with maximized blood flow. The left CCA caudal to the fistula and the left EJV cranial to the fistula were ligated in all models. Subsequently, the aneurysm clips were removed. Subcutaneous tissue and skin were sutured in layers. No systemic heparin was administered after the operation.
Postoperative control angiography was performed immediately after fistula creation in all micropigs (Advantx LCN and GE 9000, GE Medical Systems, Buc, France), angiograms were displayed on a workstation (Sun Ultrasparc 2, Sun Microsystems, Santa Clara, California, USA) with Advantage Windows 3.1 (GE Medical Systems, Buc, France). Measurements of vessel diameters and volume of the RM were performed on the workstation by two independent investigators. Shunting blood flow from the rete to the fistula was demonstrated by selective angiography of the right CCA and by superselective angiography of the right ascending pharyngeal artery (APA). Further angiographic demonstration of blood flow diversion from the rete to the fistula could also be obtained after superselective catheterization of two minor branches from the right ECA that also supply the rete, the ramus anastomoticus and the arteria anastomotica. Catheterization of these two small vessels was performed using a Tracker-IO micro catheter (Target Therapeutics, Fremont, CA) guided by fluoroscopy and roadmap in the anteroposterior and lateral projection.
Follow-up angiography was performed in all animals at 44, 103, 188 and 245 days. Furthermore, diameters of feeding artery (right APA) and draining vein (left APA), and the volume of the AVM nidus (the RM) were measured each time after follow-up angiography.
Results
All animals tolerated the surgical and angiographic procedures without complications. Complete occlusion of the left ECA was reached in all models following direct surgical ligation. After fistula creation, immediate control angiography showed a successful brain AVM model in all three animals with feeding artery, nidus and draining vein. Shunting blood flow from the right APA (feeder) through RM (nidus) to the left APA, CCA, anastomosis and eventually to the ElV (all together draining veins) was observed by angiography. The RM was perfused like a plexiform nidus and its volume brew about 30-40%. The diameters of both feeding arteries and draining veins (former APA, CCA and ElV on the left side) increased (table 1). The results of measurement of vessel diameters/volume of the RM are sum- The end-to-end anastomosis remained intact and thus a successful AVM model maintained in all three animals over a follow-up period as long as more than eight months (figure 1). No thrombosis was observed either in the RM or in the draining veins. Extensive small collater- ../ als among ascending cervical artery, vertebral artery, basilar artery, APA and occipital artery could also be observed.
Discussion
In order to perform pathophysiological investigation, to test new embolic material or to train interventional staff, several experimental models have been developed to simulate a human brain AVM. Bartynski \ Kerber 2 ,3 and Park 4 produced in vitro AVM models using different tubes to obtain therapeutic experience during endovascular embolisation or test embolic materials. Hecht 5 developed a computer mathematical model to investigate theoretically the haemodynamic change during embolisation of the brain AVM. Many animal models described in the literature, including those using rats 6, cats 7 and monkeys 8, were mainly designed to study the pathophysiology caused by AVM such as intracranial steal and normal perfusion pressure breakthrough. However, all these animal models were arteriovenous fistula (AVF) models and none of them had a real AVM nidus. Therefore, there was no realistic or feasible AVM animal model prior to the successful establishment of the porcine AVM model by Massoud et A1 9.
The carotid rete mirabile (RM) of swine has some morphologic similarities to a plexiform AVM nidus. It is a fine network of microvessels situated at the termination of both APA as they perforate the skull base with connections across the midline. The whole size of RM including their midline connections measures 2 x 1.5 x 0.2 cm 19. The diameters of RM vessels range from 70 to 275 mm with a mean of 154 mm 20, which is also comparable to the size of vessels in human AVM nidus. However, the function of the RM has not been clarified, probably acting as a heat-exchange organ or as a regulator of blood pressure to the brain 9.
U sing the RM as A VM nidus, Massoud et Al 9 successfully established the swine AVM model in 1994 by surgical fistula creation side-to-side between the CCA and the ElV, balloon occlusion of the ECA and occlusion of the muscular branch of the APA and occipital artery by coils or endovascular electrocoagulation. They established 13 acute models, 11 were successful with both feeding arteries, nidus and draining veins. This model fulfills two basic conditions of an intracranial AVM: the presence of an abnormal tangle of nidus vessels and the consequent presence of arteriovenous shunting. The pressure gradient between the main terminal feeder and the draining vein (across the nidus) was measured to be about 20 mm Hg 10. Embolisation with liquid glues and particles in this model was also similar to that in human brain AVMslo.
However, there are no data available showing long patency rates and little is known about the natural history of this AVM model. Most authors have primarily used side-to-side anastomosis for fistula creation and have either failed to report chronic data or have demonstrated a relatively high occlusion rate due to spontaneous thrombosis 15,16. Therefore the model has been used as an acute brain AVM model 10,15,17,18,20. Due to the differences of vascular anatomy between the sheep and the pig, Qian et Al 11 recently introduced a simplified acute-phase model AVM model in sheep, again they did not report data on the long-term angiographic follow-up.
In this study, we re-created the porcine AVM model in three piglets for long-term follow-up. We modified the original technique in several ways: we did not occlude the external carotid artery with a balloon, electrocoagulation or glue, but tied it surgically; instead of a lateral anastomosis between the CCA and ElV, we performed a terminal anastomosis. We did not occlude small accessory arteries, the occipital and muscular branch because we detected small collaterals between vertebral artery, basilar artery and branches of APA and occipital artery. The basilar artery in the AVM model in swine is quite underdeveloped and in fact, the distal vertebral arteries and the basilar artery are very small.
Thus, in contrast to Massoud et Allo who occluded the occipital artery and the muscular branch of the APA using coils, endovascular electrocoagulation or glue we assume that it is important to keep these vessels patent when creating a swine AVM model. Furthermore, to avoid neurological complications in case of embolisation of the nidus the micro catheter in the feeding artery (APA) should be positioned distally to the main descending branches, which performed anastomoses to the basilar system. Extensive small collaterals among ascending cervical artery, vertebral artery, basilar artery, APA and occipital artery could also be observed in long-term follow-up, which correlates well with the finding reported by Schumacher et A1 21.
Berlis et Al 15 reported that in 16 models created by CCA-EJV anastomosis (4 side-to-side, 12 end-to-side) 13 were successful (4 side-toside, 9 end-to-side). However, four weeks after successful establishment the anastomosis maintained patent only in six models (two side-to-side, four end-to-side). Wang et Al 14 also reported that, in three models, all anastomoses were spontaneously completely occluded two weeks after creation. However, the author did not indicate whether the anastomosis was performed between the CCA and the EJV or between the CCA and the internal jugular vein (IJV).
The anastomosis between the CCA and the EJV or the IJV can be side-to-side, end-to-side and end-to-end. The IJV is much smaller than the ECA. When the anastomosis was performed between CCA and IJV, surgical manipulation became more difficult and usually took more time. Although the EJV has a larger diameter, because there is some distance between CCA and EJV in swine, these two vessels must be approximated during side-to-side anastomosis increasing the tension of the vessels and the risk of anastomosis occlusion making the creation of fistula more difficult. Therefore, a thrombus could easily develop at the side-to-side anastomosis if repeated local papaverine washing was not applied. On the contrary, end-to-end anastomosis is easier than side-to-side anastomosis and a wide aperture could be reached by shaping the edge and surface of the vessel, thus decreasing the rate of spontaneous thrombosis. Creation of the fistula and ligation of the left external carotid artery do not require much more surgical dexterity then previous models.
However, the number of swine we used is very small and no definite conclusions should be drawn as to the long-term patency of this modification of the well established AVMmodel based on such a small number. Our preliminary study shows that by end-to-end CCA-EJV anastomosis the blood flow was maximized and no spontaneous thrombosis was observed. Further studies are warranted: 1. to compare the side-to-side model in the Yucatan micropig with the end-to-end model and 2. to compare the AVM-model in the Yucatan micropig with the AVM-model in red Duroc swine (which was used in distinction by previous groups) to state with certainty that the benefits are definitely related to the type of anastomosis alone.
Despite the limitations of our preliminary study, the AVM model in Yucatan micropig with end-to-end anastomosis could be used as both a acute AVM model and a stable chronic AVM model.
